The species composition of phytoplankton and quantitative parameters of its abundance are indicators of ecological conditions in a water body. This paper deals with the analysis of phytoplankton in the Irkutsk Reservoir, which was formed more than 50 years ago on the Angara River flowing out of Lake Baikal. The level of phytoplankton development in the reservoir is directly dependent on the abundance of diatoms in Lake Baikal. The dominant assemblage of algal species is stable and consists mainly of diatoms, chlorophytes, and chrysophytes. Cyanobacteria are represented by a small number of species with low abundance. According to the composition of indicator species, the water in the lower reaches of the Irkutsk Reservoir can be classified as clean. The saprobity index in the open-water period is 1.2, increasing to between 1.3 and 1.5 in small bays. The values of phytoplankton biomass and chemical parameters of water recorded in 2008 indicate that the Irkutsk Reservoir is an oligotrophic water body. Its trophic status has not changed significantly since the time of impoundment (1956)(1957)(1958).
INTRODUCTION
Dam reservoirs differ from outflowing rivers in terms of their hydrological properties and are often prone to eutrophication, which is reflected in the species composition and abundance of phytoplankton (Kobanova, Obukhova 1985; Khaiter 1995; Toman 1996; Korneva 1999; Dembowska 2009; Schyur 2009; Talling, Prowse 2010) .
A cascade of reservoirs has been built on the Angara River, which flows out of Lake Baikal. One of them, the Irkutsk Reservoir, was formed when the river was dammed within Irkutsk city limits (56 km from Lake Baikal) to build a hydroelectric power plant (1956) (1957) (1958) (Fig. 1) . The dam is relatively low, with the water level drop across it being 28.6 m. The long-term average flow discharge in the Angara reaches 1915 m s -1 , or 56 km 3 per year. The Irkutsk Reservoir has a maximum depth of 35 m, its width varies from 1 km in the upper reaches to 2.5 km near the dam, and its surface area reaches 154 km 2 (Irkutskoe vodokhranilishche... 1980) . The Angara bed in the corresponding segment accounts for 28% of this area. The reservoir is classified as a transitionaccumulative water body in which discharge currents prevail (Irkutskoe vodokhranilishche... 1980) .
The upper Angara never freezes at the outflow from Lake Baikal, nor does the river freeze downstream of the dam within Irkutsk city limits, with water temperature in winter varying from 0.3 to 1.7°C. Average duration of ice cover at the dam lasts 145 days. The Irkutsk Reservoir is cold, even in summer, when water temperature rises to 16°C at the dam and to 15.5-20.6°С in bays (Vorobyova 1995) . There is no temperature stratification in the upper reaches of the river, but water temperature fluctuates along the river course and markedly differs between the coastal (stagnant) and midstream zones, which are clearly distinguishable in the middle reaches of the reservoir (Kozhova 1964) .
The chemical composition of water in the reservoir is determined mainly by the outflow from Lake Baikal, where the water is of hydrocarbonate class, calcium group; its distinctive features include very low total dissolved solids (no more than 100 mg dm -3 ) and organic matter and high dissolved oxygen concentrations. The concentration of dissolved phosphorus in Lake Baikal (0-50 m water layer) averages 21 ±11 µg dm -3 . The concentration of nitrate nitrogen averages 45 ±19 µg dm -3 ; and dissolved silicon averages 2.16 µg dm -3 (Grachev 2002) .
Before damming, the phytoplankton of the Angara River was obviously of lacustrine type, reflecting the pattern of phytoplankton development in Lake Baikal (Jasnitsky 1926) . At the beginning of reservoir impoundment (1957) , intensive bank erosion and flooding of village areas in the downstream segment (near the dam) created favorable conditions for the development of the cyanobacteria Oscillatiria sp. and Anabaena sp. and of chrysophyte algae of the genus Dinobryon (Kozhova 1964) , which gained dominance in the reservoir. Cyanobacteria disappeared the next year (1958), when the diatom Synedra aсus and the chlorophyte alga Ankistrodesmus pseudomirabilis (Monoraphidium arcuatum) became prevalent (with their abundance remaining low). The diatom Asterionella formosa appeared in the spring of 1960, and the species composition of phytoplankton in the reservoir was further enriched by 1962.
In the reservoir filling period (1957) (1958) (1959) (1960) (1961) (1962) , Kozhova (1964) distinguished three groups of algae in the reservoir: (1) mass species with consistently high abundance (more than 20 × 10 3 ind. dm -3 ), which accounted for 9% of the total species number; (2) the accompanying species with lower abundance (several thousand cells per liter) and an irregular pattern of development (8%); and (3) subordinate, sparse species (less than 10 3 ind. dm -3 ). The last group was the largest, accounting for 73% of the total number of species. The phytoplankton of the reservoir in this period was characterized by low species diversity, a small number of dominant species, and poor development of blue-green algae. This type of phytoplankton composition, with a small number of dominants, is typical of oligotrophic lakes, and the Irkutsk Reservoir obviously inherited it from Lake Baikal.
The number of algal species and their abundance in the reservoir markedly increased in the reservoir stabilization period (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (Vorobyova 1995) . The dominant assemblage consisted of 12 species, mainly those abundant in the Baikal plankton. They included eight diatoms, two cryptophytes, and one chrysophyte species. Blue-green algae were not represented in the dominant group. In general, the level of phytoplankton development increased over the previous period; total abundance of phytoplankton varied over the growing season from 3 × 10 5 to 2.51 × 10 6 ind. dm -3 . By the criterion of phytoplankton biomass (0.21 -0.85 g m -3 ), the Irkutsk Reservoir was characterized as oligotrophic or, in the lower reaches, sometimes as oligotrophicmesotrophic (Vorobyova 1995) .
Many parameters of the Irkutsk Reservoir have stabilized over the 50 years which have elapsed since its impoundment. In particular, the shoreline configuration and the new mainstream channel, along which the Baikal water flows to the dam and undergoes some changes in chemical composition and temperature, has become established.
The reservoir is a water source for the cities of Irkutsk and Shelekhov (population over 6 × 10 5 ), which makes the assessment of water quality especially important.
The purpose of this study was to evaluate the current state of the phytoplankton (after a 20-year hiatus in such research) and to assess water quality in the Irkutsk Reservoir.
MATERIALS AND METHODS
In 2008, phytoplankton was sampled twice a month (from May to September) from near the dam, in the head-and tailrace areas. In July and September, samples were also collected in the lower reaches of the reservoir and in Kurminskii and Ershovyi bays (Fig. 1) . In March 2009, studies were performed along three transects in the water area adjoining the dam and in the headrace and tailrace areas. To estimate the vertical distribution of phytoplankton, samples were taken with a water bottle from depths of 0, 5, 10, 15, and 25 m. Simultaneously, phytoplankton was collected on membrane filters with a pore size of 1.2 µm (Millipore, United States) for subsequent identification of small-celled planktonic species by means of scanning electron microscopy (SEM). Samples for qualitative analysis were collected with a Jedi net made of nylon gauze no. 70 and fixed with 70% ethanol. Quantitative 1.5-l samples were fixed with Lugol's iodine solution (Utermöhl 1958; Kuzmin 1975 ) and allowed to settle; thereafter, algal cell counts in 0.1-ml drops were taken by the Gensen method (Kiselev 1969) , in two to three replications, under an Axiovert 200 light microscope (Carl Zeiss, Germany). Algal biomass was calculated by approximating their shapes to the nearest geometric figures (Makarova and Pichkily 1970) , with specific gravity taken to be unity. Filters for SEM analysis were placed onto sample holders, sputtered with gold in a Balzers SDC 004 evaporator (Liechtenstein), and examined in a Philips SEM 525M microscope at magnifications of 1300× to 16 000×. Overall, 229 samples were analyzed quantitatively, including 67 samples on filters.
At the same time, samples of water were taken from the surface and bottom layers to measure dissolved oxygen and biogenic elements (ammonium, nitrate, phosphate, nitrite, and silicon ions), biochemical oxygen demand (BOD5), and permanganate value, which characterizes the content of readily oxidizable organic matter. Measurements were made by methods conventionally used in hydrochemistry of fresh waters (Alekin et al. 1973; Rukovodstvo... 1977; Stroganov, Buzinova 1980; Wetzel, Likens 1991) .
RESULTS

Species composition
Over the study period (2008) (2009) A. lemmermannii P. Richter β 3.
A. scheremetievi Elenkin o-β 4.
A. spiroides Klebahn o-β 5.
Aphanizomenon flos-aquae (Linnaeus) Ralfs
Oscillatoria sp.
13.
O Despite having the highest species diversity, the contribution of Chlorophyta to the total phytoplankton abundance was relatively small. In the dominant group, they were only represented by Monoraphidium arcuatum (Chlorococcales) and Koliella longiseta (Ulotrichales) ( Table  2) ; desmids (Desmidiales) were fairly rich in species but occurred in samples as single specimens. Diatoms (Bacillariophyta) were the second-most species-rich division, and largely determined the pattern of phytoplankton in the reservoir during the greater part of the year. Unlike green algae, they contributed the largest number of species to the dominant group. In particular, these were Synedra acus subsp. 
Seasonal dynamics
The seasonal dynamics of phytoplankton in the Irkutsk Reservoir were studied in more detail in the zone near the dam, and in the headrace and tailrace. The results show that the peak of its development, with respect to both abundance and biomass of algal cells, takes place in spring (Fig. 2) .
The level of phytoplankton development in the reservoir in May was directly dependent on the yield of diatoms in Southern Baikal. In the spring of 2008, the abundant growth of Synedra acus subsp. radians was recorded in Southern Baikal, from whence these diatoms were carried by the Angara to the reservoir where they continued growing. In early May, they accounted for 76-90% of the total phytoplankton abundance and reached peak values of cell density (1 × 10 6 ind. dm -3 ) and biomass (750-928 mg m -3 ). Other algal species developing in the reservoir at that time included Chroomonas acuta (up to 58 × 10 3 ind. dm -3 ), Dinobryon cylindricum (up to 41 × 10 3 ind. dm -3 ), Cryptomonas erosa (11 × 10 3 ind. dm -3 ), and Koliella longiseta (30 × 10 3 ind. dm -3 ). The total phytoplankton abundance in May varied from 1192 to 1802 × 10 3 ind. dm -3 , with diatoms accounting for 91% of this value and for 87% of the total biomass. The proportion of Chrysophyta and Cryptophyta did not exceed 2-5% (Fig. 3a,b) . Quantitative parameters of phytoplankton were slightly higher in the headrace than in the tailrace (Fig. 2) .
The abundance of Synedra acus subsp. radians decreased by a factor of two to three (to 400 -600 × 10 3 ind. dm -3 ) in early June, and its development almost ceased by the end of this month (no more than 30 × 10 3 ind. dm -3 ). This was accompanied by an increase in the amount of empty Synedra acus subsp. radians frustules and their fragments (up to 40 × 10 3 per dm -3 ), with their numbers in the headrace and tailrace being approximately equal. The growth of chrysophytes (Dinobryon spp.), cryptophytes (Chroomonas acuta), and chlorophytes (Koliella longiseta, Monoraphidium spp.) became more active in this period (Fig. 2) . The density of Asterionella formosa and Nitzschia graciliformis cells also increased considerably. Despite the drop in Synedra acus subsp. radians abundance, Bacillariophyta retained their dominant position in the phytoplankton due to the development of other species from this division, with Chrysophyta and Chlorophyta being the second and third in abundance, respectively (Fig. 3) .
The overall species diversity of phytoplankton increased significantly in summer (up to 40 species of all divisions) at the expense of Chlorophyta, Bacillariophyta and Dinophyta. Synedra acus subsp. radians diatoms characteristic of the spring plankton were substantially lower by late July (no more than 0.7 -15 × 10 3 ind. dm -3 ), but this division still dominated in abundance and biomass due to the active development of A. formosa, Nitzschia graciliformis, species Cryptomonas, and some other species (Fig. 2) . The proportion of blue-green algae did not exceed 2% of the total phytoplankton abundance.
Quantitative parameters of phytoplankton were generally lower than in the previous period, with its abundance and biomass in the headrace and tailrace being similar (Fig. 3) .
The density of blue-green algae (mainly of the genus Anabaena) became slightly higher in August, but the most active development in this period was characteristic of small-celled green algae, cryptophytes and chrysophytes, such as Monoraphidium arcuatum, Koliella longiseta, Chroomonas acuta, Dinobryon divergens, and, to a lesser extent, diatom Cyclotella minuta. Thus, Chlorophyta became the most abundant group, with its proportion in the phytoplankton reaching 48%. However, the level of phytoplankton development in August was generally low: its total abundance and biomass did not exceed 454 × 10 3 ind. dm -3 and 333 mg m -3 and were higher in the tailrace than in the headrace (Fig. 2) .
In September, the composition of summer phytoplankton was supplemented by species such as Aulacoseira islandica, Cyclotella baicalensis, C. minuta (Bacillariophyta) and Ceratium hirundinella (Dinophyta); Chlorophyta and Bacillariophyta dominated in abundance, with the latter also prevailing in biomass (Figs. 3a,b) . The autumn peak of phytoplankton development was recorded in late September, when the total abundance of algae reached 620 × 10 3 ind. dm -3 , two to three times higher than at the beginning of this month.
In March 2009, the lower reaches of the Irkutsk Reservoir were covered with ice and relatively deep snow (about 10 cm); planktonic algae were weakly developed, and their quantitative parameters were low (Fig. 2) . The only exception was the water area adjoining Ershovyi Bay, where a bloom of Gymnodinium baicalense (Dinophyta) was observed (stations 4, 5, 6). Compared to midstream, the dissolved oxygen content in this area was slightly reduced to 13.3 mg dm -3 at the surface and 13.0 mg dm -3 in the bottom layer, whereas the nitrate content in the bottom layer and BOD were increased to 0.34 mg dm -3 and 2.0 mg dm -3 , respectively. The permanganate value of surface water reached 1.0 mg dm -3 , indicating that the content of readily oxidizable organic matter in this area was twice higher than at any other station tested in the reservoir during the ice period. The abundance and biomass of Gymnodinium baicalense in the bloom area reached 1 × 10 6 ind. dm -3 and 8.8 g m -3 , and considerable amounts of these algae were transferred by the water flow to the dam (up to 200 × 10 3 ind. dm -3 ). On the whole, almost all algae characteristic of summer-autumn plankton (32 species) were recorded in the reservoir. Concentrations of S. minutulus, Chroomonas acuta, Cyclotella minuta, Synedra acus, and Fragilaria capucina reached 1 -7 × 10 3 ind. dm -3 , whereas those of other species did not exceed 100 -500 ind. dm -3 . The abundance and biomass of phytoplankton were slightly higher in the headrace than in the tailrace: 39 × 10 3 ind. dm -3 and 23 mg m -3 versus 33 × 10 3 ind. dm -3 and 15 mg m -3 , respectively. The phytoplankton of Ershovyi Bay in June had a diverse composition (30 species) and was dominated by diatoms A. formosa and N. graciliformis (79 and 11 × 10 3 ind. dm -3 , respectively). In the inland part of the bay, blue-green algae were relatively abundant (in the case of Anabaena species, up to 50 × 10 3 ind. dm -3 ). Species of the genera Monoraphidium (Chlorophyta), Dinobryon (Chrysophyta), Chroomonas (Cryptophyta), and Nitzschia (Bacillariophyta) were also found in different parts of the bay. The group of dominant species was similar to that in open water areas in the lower reaches of the reservoir. The total phytoplankton abundance and biomass in the bay reached 312 -387 × 10 3 ind. dm -3 and 231 -372 mg m -3 . The phytoplankton of Kurminskii Bay was even more diverse, consisting of 40 species. The group of dominants included Chroomonas acuta (175 × 10 3 ind. dm -3 ), A. granulata (141 × 10 3 ind. dm -3 ), and Asterionella formosa (60 × 10 3 ind. dm -3 ). A relatively high abundance was also characteristic of blue-green algae, Anabaena flos-aquae (51 × 10 3 ind. dm -3 ) and A. scheremetievi (34 × 10 3 ind. dm -3 ), which were practically absent in the near-dam water area. The total phytoplankton abundance and biomass in June were 231 -465 × 10 3 ind. dm -3 and 244 -373 mg m -3 .
In September, the degree of phytoplankton development in Kurminskii Bay was markedly higher than in June. Dominant forms included blue-green algae (Anabaena species, over 220 × 10 3 ind. dm -3 ), diatoms Stephanodiscus minutulus (184 × 10 3 ind. dm -3 ) and A. granulata (70 × 10 3 ind. dm -3 ), and cryptophyte Chroomonas acuta (73 × 10 3 ind. dm -3 ). Noteworthy is a relatively high abundance of the Baikal diatom 
assemblage: A. baicalensis, A. islandica, and
Stephanodiscus meyeri (13, 2, and 3 × 10 3 ind. dm -3 , respectively). The total phytoplankton abundance and biomass in Kurminskii Bay increased in September to 794 × 10 3 ind. dm -3 and 638 mg m -3 .
Water quality Water quality in the reservoir was estimated by indicator species. In the open-water period (MaySeptember), we recorded 118 planktonic algal species in the reservoir's lower reaches, including 86 species (73%) that could be used as indicators of saprobity (Table 1 ). In particular, they were indicative of three main self-purification zones: the xenosaprobic (clean), the oligosaprobic (very slightly polluted), and the mesosaprobic (moderately polluted), which is divided into two subzones, β and α. Among these indicator species, the proportion of oligo-and β-mesosaprobionts was 23.3% each; of oligo-β-mesosaprobionts, 15.1%; of oligo-α-mesosaprobionts, 12.8%; β-meso-oligosaprobionts, 9.3%; β-α-meso-saprobionts, 6.9%; oligoxenosaprobionts and α-β-mesosaprobionts, 2.6% each; xeno-oligo, xeno-α-meso-saprobionts and xenosaprobionts, 1.2% each. The saprobity index in the open-water period varied from 0.9 to 1.4, being slightly higher in summer (1.3 -1.4) than in spring or autumn (1.0 -1.2). The values of this index in the headrace and tailrace were almost equal. The assessment of water quality by indicator species showed that, on the Pantle-Buck scale as modified by Sladeček (1973) and by ecosanitary criteria (Makrushin 1974 , Barinova et al. 2006 , waters in the lower reaches of the reservoir are clean class 2 waters.
The saprobity index in small bays of the reservoir was slightly higher, varying from 1.3 to 1.5, but these values did not exceed the range characteristic of class 2 (clean) waters. The saprobity index of 1.6 (moderately polluted water, class 3) was only recorded in Kurminskii Bay in September.
The concentrations of dissolved biogenic elements in the reservoir and its bays were very low: in the open-water period of 2008, the concentration of silicon varied from 0.62 to 1 mg dm -3 ; of nitrates, from 0.05 to 0.4 mg NO3 -dm -3 ; and of phosphate ions, from 0.012 to 0.032 mg PO4 3-dm -3 . The dissolved oxygen concentration was in the range of 10.88 -12.82 mg dm -3 . With respect to basic qualitative parameters (dissolved oxygen, ammonium concentrations, and BOD5), the water of the Irkutsk Reservoir can be considered "very clean" to "clean" (classes 1 and 2) (Gidrokhimicheskie pokazateli... 2007).
DISCUSSION
The Irkutsk Reservoir is a cold-water impoundment with a strong current from Lake Baikal, which accounts for a short flushing period (about 15 days). The species composition of phytoplankton in the reservoir depends on the set of dominant species developing in the lake. For example, Synedra diatoms dominated in Southern Baikal in the spring of 2008, and the same species proved to play the main role in the phytoplankton of the Irkutsk Reservoir at that time.
The pattern of seasonal phytoplankton dynamics in the reservoir is variable. The peaks of algal development in the 1960s, 1973, 1981, 1986, and 1987 were recorded in summer (Kozhova 1964 , Vorobyova 1995 in 1980 and 1982, in spring; and in 1983, in autumn (Vorobyova 1995) . In the period of our study (2008) , the peak of phytoplankton development took place in spring and was accounted for mainly by Synedra acus subsp. radians.
The set of dominant phytoplankton species recorded during our study is largely similar to that described between 1960 and the 1980s, which is evidence that the core of this community is relatively stable on a long time scale, with diatoms dominating in the reservoir over the greater part of the year. Compared to the previous data (Kozhova 1964 , Vorobyova 1995 , however, the composition of phytoplankton has become more diverse. The group of dominant species has increased in number from 9 to 12 (with the addition of Gymnodinium baicalense, Chroomonas acuta and Stephanodiscus minutulus), and the development of cryptophytes (mainly Chroomonas acuta and Cryptomonas species) has intensified.
A noteworthy fact is that the Irkutsk Reservoir is poor in Cyanobacteria, which are usually characteristic of phytoplankton in reservoirs. The situation in other reservoirs of the Angara cascade is different. In the Bratsk Reservoir, for example, the abundance of Aphanizomenon flos-aqua sometimes reached 727 × 10 6 ind. dm -3 and the biomass of bluegreen algae in aggregation sites increased to 2.1 kg m -3 . In the Ust'-Ilimsk Reservoir, their biomass reached a peak of 183 g m -3 due to the abundant development of Aphanizomenon flos-aqua, Anabaena flos-aquae, and A. lemmermannii (Vorobyova 1987 (Vorobyova , 1995 Kozhova, Shirobokova 1988) . As noted previously (Vasileva, Kozhova 1963; Kozhova 1964) , the poor development of blue-green algae in the Irkutsk Reservoir is explained by low water temperatures and a high rate of water mixing. A relatively high abundance of these algae was recorded only in low-water years, when water temperatures in summer were relatively high, but it never reached the level of algal bloom (Kobanova, Obukhova 1985; Vorobyova 1995) .
The species composition and abundance of dominant phytoplankton species in the two small bays of the reservoir were generally similar, except for the bloom of Gymnodinium baicalense under the ice in Ershovyi Bay (March 2009). A water bloom of this kind was first described in Baikal by Antipova (1955) . In 2008 it was marked in Baikal in a superficial layer of water area of item Listvyanka (Annenkova et al. 2009 ). It is also remarkable that no other blooms were found in other areas of the lake.
Notably, no bloom was observed in other parts of the reservoir, where the level of phytoplankton development in this period was very low and its abundance and biomass were comparable to those recorded in the 1960s and 1980s (Vorobyova 1987; Kozhova 1964; Kobanova, Obukhova 1985) . In September, however, the abundance of phytoplankton in Kurminskii Bay was 2 to 2.5 times higher than that reported in the 1960s (Kozhova 1964) .
The average biomass of phytoplankton in the Irkutsk Reservoir over the growing season of 2008 fits within the range of interannual fluctuations in this parameter recorded in the 1960s to 1980s (Kozhova 1964; Vorobyova 1995) (Table 3) . Since this seasonal average biomass does not exceed 1 g m -3 , phytoplankton in the upper reaches of the Irkutsk Reservoir can be considered oligotrophic (Trifonova 1979; Kitaev 1984) .
Qualitative parameters of phytoplankton in the headrace and tailrace were generally similar.
A number of planktonic algae in the lower reaches of the Irkutsk Reservoir may be used as indicators of saprobity. Water quality has been assessed for the first time. These results allow us to classify its water as clean (class 2), with the general saprobity index (characterizing the degree of organic pollution) being only 1.2. By criteria such as concentrations of dissolved oxygen and ammonium, BOD, and permanganate value, the water of the reservoir can also be graded as very clean to clean (classes 1 and 2), with the exception of Ershovyi and Kurminskii bays, which are exposed to anthropogenic influences.
CONCLUSIONS
The results of studies performed in the lower reaches of the Irkutsk Reservoir in 2008 and 2009 show that planktonic mass and dominant species of planktonic algae have not remained stable over the history of the reservoir. As in previous years, the level of phytoplankton development in spring is directly dependent on the yield of diatoms in Lake Baikal. The assessment of water quality with indicator species has shown that the water of the reservoir is clean class 2. With respect to chemical parameters, it can also be considered very clean to clean (classes 1 and 2), except for in Ershovyi and Kurminskii bays, where the water is sometimes exposed to moderate pollution (class 3). Average values of phytoplankton biomass characterize the Irkutsk Reservoir as an oligotrophic water body and provide a basis for the conclusion that its trophic status has remained generally unchanged since the time of impoundment.
Table 3
Changes in the average abundance (×10 6 ind. dm ) of phytoplankton over the growing season in the lower reaches of the Irkutsk Reservoir. 1958 -1961 (Коzhova, 1964 ) -0.87 1973 (Vorobyova, 1995 ) 1.20 0.88 1980 -1987 (Vorobyova, 1995 
Years Abundance Biomass
